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Abstract 
A theoretical study on the electric double-layer force between planar surfaces that may carry dissimilar constant charges or 
potential in a salt-free solution has been presented in this paper. The results show that the electric double-layer force is always 
repulsive for positively charged planar surfaces regardless of surface charge density (or potential) and separation; however, a 
long-range attraction is always existed between oppositely charged surfaces. 
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1. Introduction 
A salt-free solution is referred to a special system in which the liquid phase contains only counterions dissociated 
from the functional groups of the charged surfaces. Such systems occur in lamellar liquid crystals formed by ionic 
amphiphiles [1], and also when, for example, colloidal particles, clay sheets, surfactant micelles or bilayers whose 
surfaces contain ionizable groups interact in water [2]. Even an electrolyte solution with low salt concentration (<10-
5M) can also be approximated as a salt-free solution [3]. Electrokinetic phenomena such as electrophoresis [4-6] and 
electroosmosis [7-10] in a salt-free solution are quite different from those in an electrolyte solution. This difference 
is caused by the effect of counterion condensation. 
Most theoretical and experimental studies on the double-layer interaction in a salt-free solution are limited to the 
cases where both surfaces are positively charged [9,11-13]. However, such interaction between oppositely charged 
 
 
* Corresponding author. Tel.: +886-6-5979566 ext.7281; fax: +886-6-5977115. 
E-mail address: shchang@cc.feu.edu.tw 
 2014 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of the National Tsing Hua University, Department of Power Mechanical 
Engineering
319 Shih-Hsiang Chang /  Procedia Engineering  79 ( 2014 )  318 – 322 
surfaces in a salt-free solution are important in lipid bilayers and membranes. In this paper, we consider the double 
layer interaction between planar surfaces that may carry dissimilar constant charges or potentials across a salt-free 
solution. Based on the exact analytical solution of the electric potential distribution derived by Chang [10], a 
systematic parametric study on the EDL force for both cases is investigated. The results show that the EDL force is 
always repulsive for positively charged planar surfaces regardless of surface charge density (or potential) and 
separation; however, a long-range attraction is always existed between oppositely charged surfaces. 
2. Electric double-layer force 
Consider an asymmetric EDL system where the two dissimilarly charged planar surfaces, separated by a distance 
h, confine a salt-free solution containing only mobile counterions, as shown in Fig.1. Let the surface potential (or 
charge density) at x=0 and at x=h be denoted as ȥ0 (or ı0) and ȥ1 (or ı1), respectively. The electric potential field, 
ȥ(x), in a salt-free solution with the counterion's valence –zc can be described by the Poisson-Boltzmann equation, 
which can be nondimensionalized as  
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and İ is the dielectric constant of the medium, İ0 is the permittivity of the vacuum, e is the elementary charge, kb is 
the Boltzmann constant, Ta is the absolute temperature and n0 is the concentration of counterions at center where. 
Since the EDL force remains the same if we interchange the potential or charge on both surfaces, we can, without 
loss of generality, arrange ȥ1 (or ı1) and zc are in the same sign. This indicates that the scaled surface potential 
Ȍ1=ȥ1zce/(kbTa) (or charge density Q1=hezcı1 /(İ İ0 kbTa) ) must be positive.  
In salt-free systems, the pressure (force per unit area) between the planar surfaces is [2] 
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where n(x)=n0exp(Ȍ) is the counterion concentration. The first distribution, being always negative (attractive), to the 
total force is due to the asymmetric charge distribution in the system. The second term, which is positive (repulsive), 
corresponds to the contribution of entropy confinement. Since the first integration of Eq. (1) gives 
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where C is an integration constant, the above expression for P can be further simplified as  
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from which we clearly see that the pressure between the surfaces is repulsive (or attractive) for C<0 (or C>0). 
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Fig. 1. Schematic diagram of an asymmetric planar EDL system confine a salt-free solution containing only mobile counterions 
 
Consider first the case where the surfaces are maintained at different constant charge densities (labelled CC). 
Then the boundary conditions associated with Eq. (1) can be expressed as 
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where ȕ=Q0 /Q1 is the ratio of surface charge densities of the left wall to the right wall and –1<ȕЉ1. The solution to 
Eq. (1) with the above boundary conditions has been derived by Chang [10]. Based on this solution, we find, for 
ȕ>ȕcr (c1>0), 
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while for –1<ȕ<ȕcr (c1<0), 
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Note that C=0 (c1=0) for ȕ=ȕcr. 
For the second cases where the surfaces are maintained at different constant level (labelled PP), the boundary 
conditions associated with Eq.(1) become 
110 )1(,)0( Ψ=ΨΨ=Ψ=Ψ α                                                                  (10) 
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where Į =ı0 /ı1 is the ratio of surface potentials of the left wall to the right wall and –1<ĮЉ1. Similarly, based on 
the solution of the electric potential distribution obtained by Chang [10], we get, for Į > Įcr , 
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while for –1<Į <Įcr, 
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Note that C=0 (c1=0) for Į = Įcr. 
3. Results and Discussion 
As indicated in Eq.(7) and Eq.(11), the EDL force between the dissimilarly charged planar surfaces immersed in 
a salt-free solution is always repulsive for ȕ > 0 or Į > 0 regardless of the value of Q1 or Ȍ1. This is illustrated in 
Fig.2, where the nondimensional EDL force is plotted versus the scaled surface charged density Q1 or surface 
potential Ȍ1 for different values of ȕ or Į.  Here, the reference pressure is Pr =İ İ0 kb2Ta2/(2zc2e2h2). From these 
figures, it is seen clearly that for ȕ <0 or Į <0, this force will increase up to a positive maximum value and then 
decrease down to negative regime as Q1 or Ȍ1 increases. This implies that the EDL force is repulsive at lower Q1 or 
Ȍ1 but can be strongly attractive at higher Q1 or Ȍ1. The curve as shown in Fig.3 indicates where the EDL force is 
zero, with repulsion occurring above it and attraction occurring below it. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Parametric study on the nondimensional EDL force between the dissimilar planar surfaces immersed in a salt-free solution for (a) CC and 
(b) PP cases. Note that F = P/Pr, where Pr =İ İ0 kb2Ta2/(2zc2e2h2) is a reference pressure. 
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Fig. 3. The curve where the EDL force between the dissimilar planar surfaces immersed in a salt-free solution is zero for (a) CC and (b) PP cases. 
4. Conclusions 
A theoretical study on the electric double layer force between the dissimilarly charged planar surfaces immersed 
in a salt- free solution has been presented in this paper. Based on the exact analytical solutions for this EDL force, 
the effect of various parameters including the surface charge densities (or surface potentials) and their ratio on the 
EDL force are investigated. The results show that the EDL force is always repulsive for positive charged planar 
surfaces; however, a long-range attraction is observed between oppositely charged surfaces. 
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